Abstract: Plasmonics provides a promising candidate for nonlinear optical interactions because of its ability to enable extreme light concentration at the nanoscale. We demonstrate on-chip plasmonic sum frequency generation (SFG) with a metal-dielectric-metal nanostructure. The two cross-polarized pumps (800 and 1500 nm) are designed to match the two resonances of this plasmonic nanostructure to make the most of the electric field enhancement and spatial overlapping of the modes. Since these two resonances are predominantly determined by the sizes of the top metallic nanostructures in the same direction, the SFG (521 nm) can be independently controlled by each pump via changing these sizes. This study exerts the full strength of plasmonic resonance induced field enhancement, thereby paving a way toward using nanoplasmonics for future nonlinear nanophotonics applications, such as optical information processing, imaging, and spectroscopy.
Introduction
Nowadays metal nanostructures have been widely used in many areas such as super-resolution imaging [1], [2], information processing [3] , [4] and molecular detection [5] , [6] due to their strong local electric field enhancement by surface plasmon polaritions (SPPs). This electric field enhancement can be further boosted by resonances and advantageously exploited for amplifying nonlinear effects [7] - [13] . Besides, the requirement for phase matching, which is conventionally of vital necessity for the nonlinear effect, has been eliminated since the sizes of the metal nanostructures are much smaller than the wavelength of light. Based on the resonant plasmonic nanostructures, a multitude of nonlinear processes have been explored, including second-harmonic generation (SHG) [14] - [20] , third-harmonic generation (THG) [21] - [25] , four-wave mixing [26] - [30] , differencefrequency generation [31] and sum-frequency generation (SFG) [32] , [33] .
In particular, SFG has attracted significant attention owing to its surface-sensitive and highcontrollable capability for the new frequency generation. In the SFG, two different photons merge into a new photon at the frequency of the sum of these two photons (ω 1 , ω 2 → ω 1 + ω 2 ). The SFG at the nanoscale has been employed in the molecular detection/imaging with sum-frequency generation vibrational spectroscopy (SFG-VS) or near-field scanning optical microscopy [34] - [40] , where the SFG is maximized by tailoring one of the pump frequency to match the vibrational frequency of molecules residing at surfaces (such as Al 2 O 3 surfaces [41] , [42] , gold nanoparticle or gold film surfaces [43] - [45] , BaTiO 3 -core gold-shell nanoparticle surfaces [46] ). It is important to note that, in aforementioned SFG configurations, the main topics are focused on the detection of the molecules, not the enhancement of the SFG signal for nonlinear signal processing. Alternatively, in view of a pronounced field enhancement and multiple designs, plasmonic resonance could offer a new avenue for SFG in chip-scale integration and applications. Also the SFG from plasmonic nanostructures is observed in [32] , [33] , but these papers are explicitly focused on SHG or THG while the SFG is only simply mentioned.
In this paper, a resonant metal-dielectric-metal (MIM) plasmonic nanostructure with electric field enhancement is adopted to generate the SFG signal. The plasmonic MIM nanostructure is designed and fabricated to possess two lattice directions with engineered sizes along those two directions, such that two plasmon resonances can be excited independently by two orthogonal polarized pump lasers with two corresponding pump wavelengths. This SFG in the resonant MIM plasmonic nanostructure exhibits several distinctive advantages. (i) The SFG can be significantly amplified by the electric field enhancement in the MIM plasmonic nanostructure. (ii) The two pump wavelengths of SFG can be independently tuned through geometric design and precise fabrication of the metal pattern in the MIM nanostructure. (iii) With subwavelength feature size, ultrathin and flat profile, this plasmonic SFG is promising for chip-scale integration and applications.
Experiment and Discussion
A MIM nanostructure (see Fig. 1(a) ) with well-designed resonances is utilized to realize the SFG at the nanoscale. This MIM nanostructure is composed of three layers: a 100-nm-thick gold slab at the bottom to prevent the back leak of the confined field, 30-nm-thick rectangular periodic gold nanostructures (with an extra 5-nm-thick Cr adhesion layer) at the top and a 14-nm-thick alumina film in between, while the substrate is glass, which doesn't influence the resonances. For this MIM resonator, the electromagnetic fields are strongly confined in the middle dielectric layer at resonances [47] - [51] . The total thickness of the MIM nanostructure is only 150 nm. The periods of the MIM nanostructure are 200 nm and 350 nm in the x-and y-directions, respectively, which are smaller than the light wavelength. The scanning electron microscope image (see Fig. 1(b) ) of the fabricated MIM nanostructure demonstrates the uniformity of the top gold nanostructures. The wavelengths of the two cross-polarized pumps for SFG are matched to the two cross-polarized resonances of the nanostructure, so as to excite and fully utilize the plasmon-induced field enhancement. The resonant wavelength for a specific polarization direction is predominantly determined by the length of the top nanostructures along the corresponding direction, thereby providing an avenue for independent control over the two cross-polarized pumps. The lengths of the top nanoparticles are 160 nm and 250 nm in the x-and y-directions, respectively. This design guarantees one resonance at 1500 nm for the x-polarized pump and the other at 800 nm for the y-polarized pump. The fabrication of the MIM nanostructure and SFG experiment method are shown in the Supplementary Information.
The measured linear reflection spectra of the MIM nanostructure from 500 to 1700 nm wavelength for both the x-and y-polarized light are shown in Fig. 1(c) . These two resonant wavelengths (1500 nm and 800 nm) are adopted as the wavelengths of Pump X and Pump Y. In the SFG experiment, these two pumps (110-fs pulses) are superposed and focused onto the MIM nanostructure (see Fig. 1(a) ). Fig. 1(d) provides the spectra of the generated sum-frequency signal. Strong SFG signal around 521 nm can be observed, while no distinguishable signal can be recorded from the insulator-metal (IM) reference film (with only the middle dielectric layer and bottom gold film). Different incident powers, pump wavelengths and polarizations are attempted in various control experiments in order to probe the full characteristics of the SFG signal. The relation between the signal intensity and the incident power can be used to identify or evaluate the order of the nonlinear process. The SFG is a second-order parametric process [52] and the nonlinear polarization is proportional to the product of the electric field amplitudes of the two pumps. Correspondingly, the nonlinear signal intensity is proportional to the product of the two pump powers, i.e., (and denote the pump powers of 800 nm and 1500 nm lasers, respectively). Two situations with different pump powers are experimentally investigated in Fig. 2(a) . In one case, the total pump power (also the incident power) is tuned from 10 mW to 70 mW while the power ratio is kept at 5:2. The experimental data are fitted to follow a straight line (black line in Fig. 2(a) ) in log-scale plot (power law) with a slope of 1.99, undoubtedly verifying the quadratic correlation between the SFG intensity and the total pump power. In the other case, the 1500 nm pump power varies from 10 mW to 50 mW while the 800 nm pump power is maintained at 20 mW. A slope of 1.00 is obtained by fitting the data as shown in the brown line in Fig. 2(a) , confirming the linear relation between the signal intensity and one pump power.
The SFG signal wavelength can also be tunable by changing the pump wavelength. The SFG signals with Pump X changing from 1470 nm to 1530 nm with an interval of 10 nm are reported in Fig. 2(b) . Each SFG signal is normalized by the maximum of its SFG peak because the change of the pump wavelength affects the spatial overlap of the two pump pulses and the resultant SFG signal intensity. The wavelengths of the SFG can be continuously tuned from 518 nm to 525 nm with the wavelength of Pump X changing from 1470 nm to 1530 nm. The photoluminescence intensity turns weaker in comparison with the SFG signal intensity, as the SFG signal wavelength increases. The THG signal of Pump X at 1530 nm also shifts to the measured spectrum range, as indicated by the spike around 510 nm in the dark blue line in Fig. 2(b) . Fig. 2. (a) The SFG intensity at different incident powers. In the case of changing total power, the incident power is the total power (from 10 mW to 70 mW) of both pump beams while the power ratio is kept at I1500:I800 = 5:2. In the case of changing 1500 nm power, the incident powers the 1500 nm pump power (from 10 mW to 50 mW) while the 800 nm pump power is kept at 20 mW. (b) Measured SFG signal when the wavelength of Pump X changes from 1470 nm to 1530 nm with a step size of 10 nm. The spike in the dark blue line around 510 nm for the 1530 nm pump corresponds to the third-harmonic generation. (c) Measured and simulated SFG signal intensity at different polarizations. θ is the angle between the x axis and the polarizer before the spectrometer.
The polarization of the SFG is further explored by inserting a polarizer before the spectrometer in the measurement setup (see Fig. S1 ). The measured SFG signal intensity at different polarizations is illustrated in Fig. 2(c) by rotating the angle θ between the x axis and the polarizer in the case of equal excitation power for Pump X and Pump Y. The y-polarized component dominates in the SFG signal which agrees with the simulation result.
Simulation and Discussion
To unveil the physics governing this SFG from the MIM nanostructure, the Maxwell-hydrodynamic equations are adopted to model the SFG from the MIM nanostructures [53] - [56] .
In this simulation, Maxwell-hydrodynamic equations are solved non-perturbatively and selfconsistently by the finite-difference time-domain (FDTD) method with Yee grids. Using a pure scattered field technique, the governing equations including Maxwell, hydrodynamic and current continuity equations are shown below: Where E sca and H sca are the scattered electric and magnetic fields produced by the polarization current J. And E inc and H inc are the incident electric and magnetic fields produced by the pump laser. Moreover, v is the electron velocity and the convective acceleration term v · ∇v is one of the key contributors to the sum frequency generation. Furthermore, γ is the scattering rate related to the metallic loss. The potential V p including Hartree, exchange, Fermi and Bohm potentials can be incorporated to capture the nonlocal and quantum effects. These effects can be ignored for the nanostructures with a size typically larger than 10 nm. Additionally, e and m are the elementary charge and electron mass, and n is the electron density. Here, the current continuity equation Eq. (3) is used to connect Maxwell equation Eq. (1) and hydrodynamic equation Eq. (2). Equations (1)-(3) provide self-consistent formulations of free electron gas in a plasmonic system.
The parameters for gold are taken to be n 0 = 5.91 × 10 28 m −3 and γ = 9.46 × 10 12 s −1 . Nonlinearity of chromium is considered in the simulation, and the constants for chromium are taken to be n 0 = 1.9002 × 10 29 m −3 and γ = 2.534 × 10 14 s −1 . The Al 2 O 3 layer is treated as a dielectric material without nonlinearity and its relative permittivity is 3.2. The incident plane wave is a cosine-modulated Gaussian pulse. The detailed numerical implementation of the Maxwellhydrodynamic model has been presented in our previous works [55] . Through comparing to the boundary element method that only considers surface contribution [56] , [57] , we have confirmed that the Maxwell-hydrodynamic model is a nonperturbative description of free-electron nonlinearity allowing accounting for both bulk and surface contributions of the nonlinear generation process.
By using this method, the SFG signal under the two cross-polarized incidences is theoretically modeled. The electric field amplitudes at the SFG wavelength (521 nm) are depicted in Fig. 3(e) , (f). The electric field pattern for the SFG resembles the product of the fundamental electric-fields from the two pumps (see Fig. 3(b) and (d) ), concluding that the SFG originates from the spatial overlap of fundamental electric fields under the two cross-polarized pumps in the MIM nanostructure. The calculated polarization of the SFG signal shows that the electric field is predominantly polarized in the y-direction, in accordance with the experimental result (see Fig. 2(c) ). To figure out the surface and bulk contributions of the SFG, the net polarization currents of both the upper and lower gold nanostructures at the sum frequency are integrated separately for bulk and surface regions. The surface regions include the outmost Yee grids with a spatial size of 1 nm at the surface of the nanostructures. The bulk regions include all the Yee grids of the nanostructures excluding the outmost Yee grids. The results are summarized in Table 1 , all the results are normalized by the maximum integration value i.e., J y (at the bulk region of the upper gold nanostructure). One can see that the contribution from the lower gold nanostructure is weak than that from the upper gold nanostructure. Because the incident power from the two pumps are partially absorbed by the upper nanostructure. Most importantly, the sum frequency generation is due to the bulk polarization current along the y direction. Due to centrosymmetry at the xoy plane, the surface contributions from the two nanostructures are ignorable. The bulk contribution of sum-frequency generation is proportional to the spatial derivatives of electric-field; and the bulk contribution will increase if electric-field is significantly varying in the bulk of the metal. The highorder magnetic resonance induces a long-range light-matter interaction and significant electric-field gradient along the y direction, which produces the dominant nonlinear response.
Conclusion
In conclusion, based on the MIM plasmonic nanostructures, SFG is obtained with a strong resonance-induced field enhancement. To make full use of the electric field enhancement, the two cross-polarized pumps are designed to spectrally match the two resonance frequencies of the MIM nanostructure and meanwhile the two resonance modes are designed to be spatially overlapped with each other for producing a strong SFG signal. Since each resonance is predominantly determined by the size of the top film in the same direction, the SFG can be independently controlled by each pump. These results substantially broaden the scope of nonlinear generation in the resonant plasmonic nanostructures and represent a key step towards using nanoplasmonic for future nonlinear nanophotonics applications, such as optical information processing, imaging and spectroscopy.
